Microelectrode and tracer techniques were used to test for possible amino acid-H+ co-transport in coleoptiles of Avena sativa L. cv. "Garry."
The cells of many organisms, from bacteria to mammals, accumulate high concentrations of amino acids and carbohydrates from surroundings in which these compounds are dilute (8, 11, 19, 21) . Many workers propose that these energy-requiring transport processes are mediated by membrane carrier mechanisms that use the inwardly directed free energy (chemical potential) gradients of either sodium ions in animal cells (2, 12, 19) or hydrogen ions in bacteria, fungi, algae, and higher plants (6, 7, 8, 14, 22) . This process, called co-transport (21) or symport (14) , is essentially a means for coupling the active transport of one substrate to the passive movement of another substance-both moving in the same direction.
Theory. Figure I shows one of several possible models for cotransport (21) . The model assumes a membrane carrier that combines with a substrate (an amino acid in our case) and a proton on one side of the membrane forming a ternary positively charged carrier-substrate-proton complex that moves to the inner membrane surface; at that point the substrate and proton are released and the carrier is allowed to recycle. The direction of the net transport of substrate and its final internal to external concentration ratio depend upon the cytoplasmic and medium substrate and hydrogen ion concentrations, as well as on the potential difference across the membrane. Presumably, the proton concentration on either side of the membrane would affect the rates of proton association or dissociation with the carrier. The membrane potential would act electrophoretically upon the charged membrane species.
In the model (Fig. l) "Garry" were grown for 84 to 94 hr at 23 C in complete darkness on Vermiculite moistened with tap water. Coleoptiles were then removed and two 5-mm sections were cut 5 mm from the apical end. The sections were randomized and preincubated in the dark for 2 to 4 hr by floating them on a nutrient solution containing I mM CaCl2, I mM KCI, 0.25 mM MgSO4, and I mm NaPO4 buffer to give a final pH of 6.5 (except for the pH, this solution is the same as lx used in the membrane potential experiments).
For uptake measurements, 10 sections were transferred to a 20-ml beaker containing 2.5 ml of the nutrient solution; the solution was then aspirated and replaced with 2.3 ml of nutrient solution containing 0.4 /LM 3H-a-aminoisobutyric acid (2.5 The standard solution (S1) used for all tests with the amino acid was essentially the same as lx except that the Na+ concentration was increased to 4 mm with added NaCl. This permitted adjusting the pH between 4 and 6.5 while maintaining the Na+ concentration constant. Changes in the chloride concentration were minimal.
RESULTS
AIB Uptake. The uptake of AIB over a 30-min time period is shown in Figure 2 . The rate remains constant but does not extrapolate to zero, indicating that about 8% of the label taken up after 15 min is not removed by the washing procedure. The data presented in Figure 2 were for pH 4 and 4 mm AIB, but a linear uptake was also seen at pH 6.5 and 401M AIB.
The effect of the external AIB concentration on AIB uptake for a 15-min period is presented in Figure 3 . The curve generally resembles curves reported earlier for leaf tissues (17) . We often observed inflections in the concentration curves at about I to 3 mM AIB, which could be interpreted as multiphasic kinetics; saturation occurred at concentrations higher than 8 mm (data not shown). Figure 4 shows how membrane potentials of oat coleoptile cells changed after the tissues were exposed to AIB. In general, AIB induced a rapid depolarization (El), which attained a maximum in about I min. This was followed by a slower repolarization. The membrane potential did not repolarize to its initial level after 5 min of AIB exposure, although the trend was toward more negative values at this time. When the AIB-containing solution was replaced with the original AIB-free solution, repolarization of the membrane potential was accelerated, often resulting in membrane potentials which were hyperpolarized when compared with initial levels. The magnitudes of the repolarizations in the presence of AIB or the hyperpolarizations when AIB-free solutions replaced AIB-containing solutions were not evaluated in detail because it was felt that these values could not be measured reliably. Figure 4 also shows the effect of pH on AIB-induced membrane potential changes. In general, the maximum depolarization was increased by more acid conditions. The curves also illustrate the considerable variability in the results, but the trend is clear. Figure Sb shows the averages of AIB-induced depolarizations of membrane potentials at pH 6.5, 5, and 4. The lower pH solutions promoted larger AIB-induced depolarizations. Membrane potentials in AIB-free solutions were also more positive Figure 4 . Membrane potentials were measured after tissues were exposed to a treatment pH for at least 5 min. After an additional 3 to 5 min, the AIB-free solution was replaced by one containing AIB at the same pH. Bars above and below each point delimit the standard error of the mean. Number of measurements were: pH 6.5, 22; pH 5.1, 19; pH 4, 16. when the external solution had a lower pH (Fig. Sa) . These results can be compared with data in Tables I and II, which show greater AIB transport rates at lower pH values. Figure 6 shows that the AIB-induced depolarizations increased with increasing AIB concentrations and that the effect appeared to approach a maximum at higher AIB concentrations. These depolarization data can be compared with the AIB transport data in Figure 3 , which show a similar trend. (10) 3.5 + 1 (12) All solutions were S1 with 25 mM NaCl added for a total NaCl concentration of 29 mM. The pH was 6.5 and the AIB concentration was 4 mM. Data are expressed as mean + standard deviation (number of observations). The IAA effects on membrane potentials and AIB depolarizations were significant at the .001 and .01 levels respectively.
tial of oat coleoptile cells (as has been shown previously 1, 5, 131) and also enhanced the depolarization induced by AIB. IAA also stimulated AIB uptake (Table II) . DISCUSSION In general, our data are consistent with a proton co-transport model (14, 21) for AIB transport into oat coleoptile cells. As predicted by the model (Fig. 1) , the presence of a transportable amino acid in the medium caused a depolarization of the membrane potential (Fig. 4) thus supporting an electrogenic nature for the transport process. The model also predicts that both AIB uptake and the AIB-induced depolarization of the membrane potential should be affected similarly by alterations of external pH and by factors that affect the resting potential. For example, the AIB-induced depolarization of the membrane potential (Fig.  6 ) and AIB transport (Fig. 3) were affected similarly by the AIB concentration of the medium. Furthermore, increases occurred in both AIB transport (Table I) and AIB-induced depolarizations (Fig. 5) after the pH of the medium was lowered; reducing the pH increased the chemical potential difference of protons between the medium and the cell interior. Similar effects of pH on AIB uptake into barley leaf cells were reported by Shtarkshall and Reinhold (20) .
There were some differences between experimental procedures for measuring membrane potentials and measuring uptake which were due in part to the difficulties inherent in completely coordinating the activities of two separate laboratories. We do not feel that the differences in procedures introduced any serious errors in comparing our results, however, and were probably less serious than the unavoidable uncertainties associated with comparing uptake data on whole tissue sections with membrane potential data from cells exposed at a cut surface.
The IAA-and FC-stimulated increases in AIB transport (Table  II) and AIB-induced depolarization (Table III for IAA) were also predictable from the model and the known ability of IAA and FC to hyperpolarize the membrane potential (1, 5, 13 The transient nature of a substrate-induced depolarization, e.g. the repolarization in the presence of substrate, has been noted in other systems of suspected co-transport (11, 16, 18, 22) , but it is not completely understood. Our data show that the changing depolarizations with time (Fig. 4) is not correlated with the rate of uptake (Fig. 2) , if we assume that AIB uptake is linear from time zero as it is from 2.5 min to 30 min. Because of the limited amount of radioactivity taken up by the sections in 2 min or less, it is difficult to determine short term uptake rates, but it is reasonable to assume that some counts always remain associated with tissue free spaces. Thus, a linear extrapolation of the line to zero time may be justified. Slayman (22) has shown that for Neurospora the transient change in potential caused by 3-0-methyl glucose is not associated with a change in membrane resistance. In Neurospora (22) and in Samaneapulvini (16) the transients are associated with transient changes in external pH; e.g. an initial rapid net loss of acidity from the medium followed by less of a net loss. This behavior would be consistent with a repolarization caused by an increased rate of electrogenic proton efflux, which would compensate for the amino acid-induced influx. Other possible explanations for the repolarizations could involve changes in fixed charges, carrier positions, or carrier conformations. It is possible that a better understanding of the cause of the transient behavior of the AIB-induced membrane potential change will contribute to a better understanding of how the amino acid carrier functions in the membrane.
For the present, however, our data fit very well with the cotransport theory. This theory is useful in that it provides a mechanism for coupling both proton gradients and membrane potential differences to the uptake of organic compounds; it also helps to explain why factors which alter the membrane potential or the proton concentration of the medium may have significant effects on the uptake of substances which are uncharged and/or have a pK considerably above or below the pH of the medium.
